ABSTRACT Currently, most of the vibration signal analysis methods for bearing fault diagnosis under varying speed conditions are based on the resampling technology with shaft rotational frequency (SRF). However, the SRF obtained by a fixed tachometer or time-frequency (TF) ridge detection reduces measuring flexibility or introduces errors inevitably. In this paper, a multi-band feature extraction method using coarse TF ridge-guided variational nonlinear chirp mode decomposition (VNCMD) is proposed for bearing fault diagnosis under varying speed conditions. Specifically, the proposed method is conducted as follows. First, the low-frequency component (LFC) and resonance component are extracted by the low-pass filtering and the fast kurtogram method, respectively, to alleviate the noise interference. Second, the coarse TF ridges are identified by a tractable ridge estimation method that is based on the TF representation for preliminary selection of the initial instantaneous frequency. Third, the coarse TF ridge-guided VNCMD is constructed to track the SRF and instantaneous fault characteristic frequency (IFCF) from the envelope signals of the LFC and the resonance component, respectively. Finally, the characteristic frequency ratio is computed on the basis of the values of SRF and IFCF to determine the fault type of ball bearing without resampling. The simulation studies and experimental verifications confirm that the proposed method can accurately locate bearing defect types and outperforms some existing methods. 
INDEX TERMS
Rolling element bearings are used in various machines, such as wind turbines, electric motors [1] - [4] , and these devices often operate under poor working conditions including high speed, heavy load, contamination, and so on. Thus bearing failure is a frequent cause of machine breakdowns and engineering accidents [5] , [6] . Thus fault diagnosis of rolling bearings is important in preventing unexpected accidents and reducing economic losses [7] . The condition of rolling bearings can be detected from vibration [8] and sound [9] , etc. Among them, vibration analysis is considered as an effective tool for condition monitoring and fault diagnosis, which includes root mean square, crest factor, kurtosis, Fast Fourier Transform envelope analysis, wavelets, expert systems, cyclostationary analysis, fuzzy logic techniques, data-driven methods [10] , [11] , etc. Generally, most existing vibration analysis methods for bearing fault diagnosis are tailored for constant-speed situations. Under varying speed conditions, these traditional methods inevitably result in spectral smearing phenomenon with vibration signal analysis [12] . In recent years, fault diagnosis methods for rolling element bearings under varying speed conditions have attracted considerable attention [13] . Among recently developed methods, order analysis has been demonstrated effective for detecting the fault type of bearings [14] . Order analysis technique can transform the vibration signal from the variable time domain to the equal angle domain by resampling the raw signal to eliminate the effects of speed fluctuation and spectrum smearing. In addition, the generalized demodulation (GD) algorithm [15] - [17] is also an effective bearing fault diagnosis methods that weakens the spectral smearing phenomenon under varying speed conditions. For instance, Zhao et al. [18] used the GD algorithm to avoid angular resampling in compound fault detection. Shi et al. [19] combined windowed fractal dimension transform and the GD algorithm for variable bearing fault diagnosis. Regardless of the solution to the bearing fault diagnosis under varying speed conditions, shaft rotational frequency (SRF)-related information such as SRF or its harmonics and instantaneous fault characteristic frequency (IFCF) or its harmonics, should be fed into the corresponding methods in advance. Hence, the corresponding instantaneous frequency (IF) extraction is a critical problem in fault type identification.
SRF-related information can be extracted via two techniques. In the first method, the SRF is obtained with a fixed tachometer [20] . For instance, Yang et al. [21] combined envelope order tracking and constrained independent component analysis for spectral analysis using an eddy probe to achieve the SRF. However, the use of tachometers increases the hardware cost and system complexity significantly and might thus be unsuitable for inaccessible operating conditions. As a result, tacholess methods for identifying the SRF from the time-frequency (TF) representation (TFR) of vibration signals have been developed in recent years [22] - [25] . Zhao et al. [26] introduced a tacholess order tracking method for extracting tachometer information for variable-speed bearing fault diagnosis. A chirplet-based approach to estimating the SRF was proposed in [27] for order tracking under large speed variations. Moreover, an iterative stepwise refinement algorithm was developed in [28] for an accurate estimation of IFs in detecting bearing fault. In our previous studies [29] , [30] , a dual path optimization ridge estimation method and a ridge fusion strategy were proposed to obtain robust ridge estimation for the fault diagnosis of planetary gearbox. Similarly, a multiple TF curve extraction method based on fast path optimization was applied to bearing fault diagnosis under varying speed conditions in [31] .
According to literature, most existing ridge extraction methods are based on the amplitude of the peak or cost function, which is subjected to the resolution of the TFR [32] , [33] . Thus, the extracted ridges may contain unpredictable frequency jumps under noisy conditions. The results may worsen when the adjacent components are close or overlapping [34] , [35] . Therefore, on the basis of the setbacks of the aforementioned traditional methods, reliable and efficient approaches need to be explored.
An adaptive signal decomposition method known as variational nonlinear chirp mode decomposition (VNCMD) [36] can decompose a signal into several nonlinear chirp modes (NCMs) by a variational model. However, in the field of bearing fault diagnosis, the choice of initial parameters (e.g. initial IFs) considerably influences the success of signal decomposition. Especially, a constant initial IF in original VNCMD is not a good choice for the time-varying IF extraction of the target component in the whole time domain in some complicated cases. Then the fact may be that in some local time periods, constant initial IFs are good enough for optimization to the true IFs by the constraint; but in most time periods where the constant initial IFs are excessively rough compared with the true IFs, the algorithm will converge to erroneous results, and the estimated results are inevitably affected by adjacent components. As a result, a tractable ridge estimation method [37] of achieving coarse initial IFs is introduced in this study to replace the constant initial IFs in the original VNCMD and thus provide a rough estimate of the trend of the true IFs as a whole. The proposed method can overcome the resolution limitations of traditional TF methods and improve the accuracy of the original VNCMD method for bearing fault diagnosis under varying speed conditions. In ridge extraction, an iterative extraction strategy is also proposed with one decomposed mode in each iteration to locate the target mode roughly. By means of this process, the influence of interference components (e.g., trend term) can be avoided effectively. In summary, the main idea of the proposed diagnostic process is to obtain the low-frequency component (LFC) by low-pass filtering and to achieve the resonance component by spectral kurtosis (SK) first, which can reduce the influence of noise [25] . Then the coarse initial IFs are estimated by the iterative extraction strategy to replace the constant initial IFs. Furthermore, the TF ridge-guided VNCMD is applied to achieve optimal SRF and IFCF from corresponding component, thereby overcoming the limitations of the constant initial IFs in the original VNCMD and the effect of resolution in traditional TFR methods. Lastly, the characteristic frequency ratio (CFR) of the two optimized IFs is computed to identify the fault type of rolling element bearings without resampling. Consequently, the proposed method presents the following advantages. (1) The multi-band feature extraction method can make a certain enhancement to the signal components in different bands. (2) Setting the number of decomposed modes via prior experience is not necessary due to the benefits from the coarse initial IFs obtained by the iterative ridge extraction method. (3) The decomposing accuracy and efficiency of VNCMD are enhanced rapidly because the coarse time-varying initial IFs are closer to the true IFs of the expected mode. (4) The limitations of traditional TF resolution are avoided; thus, features are extracted with considerable precision. (5) The proposed method avoids interpolation errors by applying CFR to determine the fault type of rolling element bearings, whereas most existing methods inevitably introduce certain errors [38] due to the resampling strategy.
The remainder of this paper is organized as follows. Section II mainly introduces the principle of multi-band component extraction, coarse TF ridge estimation, and VNCMD. Then, the proposed bearing fault diagnosis procedure is detailed in Section III. Simulations studies and experimental cases are discussed in Sections IV and V, respectively, to demonstrate the validity of the proposed method under varying speed conditions. A discussion is given in Section VI. Finally, conclusions are presented in Section VII.
II. THEORETICAL FRAMEWORK A. MULTI-BAND COMPONENT EXTRACTION
Generally speaking, once a local bearing defect is developed, it induces an impulse excitation to the vibration system and generates impulsive responses in the vibration signal. The vibration signals obtained from defective bearings contain not only the resonance frequency excited by faults, but also the fundamental rotating frequency and its harmonics. Thus, by a multi-band feature extraction method, we can mitigate the effects of noise and other unexpected interference components, which makes a certain enhancement to the two most important components, namely SRF and IFCF, in the field of fault diagnosis under varying speed conditions [25] , [39] . After that, the relevant ridge curves are more easily identified. Considering that SK is an effective tool for extracting the resonance band where the distribution of the impulsive components of the analyzed signal is indicated by the kurtosis index [40] . Thus, we can apply it to determine the center frequency and optimal bandwidth of the target frequency band precisely in which the repetitive transient impulses take place. In general, SK is sufficient for the extraction of resonance components in our applications. It is defined as
where · represents the temporal average function, |X (t, f c )| donates the TF envelope of the band-pass filtered signal at frequency f c . To quickly locate the target frequency band, an efficient fast kurtogram method [41] is employed to extract the foremost impulsive signal which contains the main fault characteristic of rolling element bearing in this study.
Similarly, in the case of varying speed conditions, the information related to the SRF is concentrated on the LFC of the vibration signal. Therefore, a low-pass filter is used to extract the relevant frequency band. The range of the LFC is selected as [0, 200Hz] in all cases of our paper due to that the SRF and its some harmonics of all cases are located in this range.
B. COARSE TF RIDGE ESTIMATION
After the envelope signals of the resonance band and lowfrequency band are achieved in Section II.A, their TFRs can be obtained by short time Fourier transform (STFT) which is defined as [42] 
Then, the IFs curves, namely SRF and IFCF, can be roughly observed in the TFRs. Subsequently, a tractable ridge estimation algorithm [34] is iteratively conducted to detect the IFs information from the separated envelope components, which are expressed as follows:
where f denotes the maximum frequency variation between the adjacent points. f R and f L are the frequencies of the forward and backward propagation, respectively. Similarly, t R and t L represent the instants of the forward and backward propagation, respectively. The aim of the ridge estimation algorithm is to find the maxima position of the TFR and then recursively extract adjacent frequencies in the forward and backward directions respectively. Thus, the ridge curve with the highest amplitude is extracted in the local constraint range. The effective IF information extracted by the ridge estimation algorithm might be disturbed or overwhelmed by surrounding noise, hence rendering accurate ridge extraction difficult. Therefore, only the coarse TF ridges are obtained by the ridge estimation algorithm, and the VNCMD method is further used to optimize IFs by restricting the bandwidth of the demodulated signal.
Besides, in the process of ridge extraction, an iterative extraction strategy is also proposed with one decomposed mode in each iteration to locate the target mode roughly. By means of this process, the influence of interference components (e.g., trend term) can be avoided effectively. Moreover, the maximum number of iterations is set to 5, which is sufficient for bearing fault detection. When the maximum number of decompositions is reached, we can initially assume that the bearing is in a healthy state. Thus, the number of decomposed modes via the prior experience is not necessary due to the benefit from the coarse initial IFs indicated by the recursive ridge extraction method. VOLUME 7, 2019 
C. A BRIEF INTRODUCTION OF VNCMD
VNCMD is a recently introduced method for adaptive signal analysis under the inspiration of variational mode decomposition (VMD) [43] . Unlike the assumption of narrow-band property of the signal model in VMD, these extracted NCMs are mainly wide-band signals with specific sparsity properties in the frequency domain. Therefore, the VNCMD method can be tentatively introduced to process the bearing vibration data with large speed fluctuations under varying speed conditions. Meanwhile, it effectively avoids the limitation of TF resolution in traditional TF analysis and overcomes the narrow-band constraint in adaptive signal decomposition (e.g., EMD, VMD).
It is noted that a wide-band NCM can be transformed into a narrow-band signal by demodulation techniques, thus the constructed constraint model of VNCMD is described as the optimal demodulation problem. Generally, the signal composed of several NCMs and random noise can be formed as [36] , [43] :
where K represents the number of modes; C i (t) is the instantaneous amplitude of the ith mode; f i (t) denotes the IF of the ith mode which can vary in a wide range; n(t) indicates simulated background noise with variable signal-noise ratio (SNR). Thus the process of VNCMD for extracting NCMs from the measured signal can be summarized as follows:
(1) Rewrite the formula (6) as
where a i (t) and b i (t) donate two demodulated signals, respectively;f i (t) and f i (t) are the estimated and actual IFs for each NCM, respectively. It is noted that the demodulated signals will have the narrowest bandwidth in the case off i (t) = f i (t).
(2) Usually, the analyzed data are sampled in the discrete form, namely t = t 0 , . . . , t N −1 , thus the optimal NCM and IF based on a constrained model is solved by
where
, is a modified second-order difference operator as follow:
To solve the constrained optimization problem in (10), a quadratic penalty term α and Lagrangian multiplier λ are introduced to optimize the reconstruction problem. The corresponding augmented Lagrangian is described as follows [44] 
The alternate direction method of multipliers (ADMM) optimization algorithm [45] is usually utilized to solve (14) . Note that the decomposition number is specified in advance, then the initial IF f 1 i , the Largrangian multiplier λ 1 , and the quadratic penalty term α are initialized.
Subsequently, update the two demodulated quadrature signals a i (t) and b i (t), respectively.
Afterwards, the IF is updated using the results in (15) and (16) . Moreover, we can calculate the increment of the IF from the signal models in (8) and (9) by
Assume that the IF increment is still a bandwidth constraint function during each iteration which satisfies min
It can be calculated by
where µ is a penalty parameter. Thus the updated IF which is the core parameter of the proposed method can be formulated as
where 0 < γ < 1 is a proportionality coefficient which is set as γ = 0.5 suggested in [36] . After updating, the estimated IFs can be obtained. Additional details of VNCMD method can refer to [36] .
D. CRITERION FOR DEFINING THE BEARING FAULT TYPE
The order spectrum of the analyzed signal is performed to diagnose the rolling element bearing under varying speed conditions by using the SRF. Different from the technique of order spectrum, a non-resampling way, i.e., CFR is constructed by combining the information of the SRF and IFCF, which can be accurately estimated by the modified VNCMD in this paper. The non-resampling process avoids propagation errors and improves computational efficiency to a certain extent [38] . For bearing fault diagnosis, the relationship between IFCF and SRF [14] can be characterized as follows:
where z is the number of balls, d denotes the roller diameter, D represents the pitch diameter of the bearing and φ is the contact angle. IFCF O , IFCF I , IFCF B and IFCF C represent the outer-race fault frequency, the inner-race fault frequency, the rolling element fault frequency, and the fundamental cage fault frequency, respectively. Trough dividing the IFCF by the SRF, equations (21)- (24) can be transformed as follows:
As represented in (25)- (28), we can see that the CFRs are constant and determined by the geometry parameters (z, D, d, φ) of the bearing. Thus the fault type of rolling element bearing can be judged via comparing the calculating CFRs with the corresponding theoretical values of the test bearing. Moreover, we can extract the SRF and its harmonics, as well as the IFCF and its harmonics. Then, a repository for storing harmonic characteristic ratios can be built for judging the type of fault. When the estimated CFR is an integer multiple or a fractional form of the theoretical CFR (e.g., 2 CFR, 3 CFR, 4CFR,. . . and 1/2 CFR, 1/3 CFR, 1/4CFR,. . . ), the corresponding fault type can also be determined. Therefore, this process is ideal for bearing fault diagnosis under varying speed conditions in some complex applications wherein the dominant component is no longer the fundamental SRF or IFCF. Although the corresponding fundamental components are not easy to distinguish, the limitations are overcome by this novel idea. Thus, the fault type of the rolling element bearing can be judged via comparison of the calculated CFR and stored harmonic characteristic ratios in the repository.
III. A COARSE TF RIDGE-GUIDED VNCMD STRATEGY FOR BEARING FAULT DIAGNOSIS UNDER VARYING SPEED CONDITIONS
As mentioned before, the accuracy of VNCMD mainly depends on the choice of the initial IFs under the influence of noise and overlapped components. Therefore, we first preprocess the raw signal by using a multi-band component extraction method to alleviate the effect of noise. Second, a ridge estimation method is employed to roughly obtain the initial IFs. Third, the proposed coarse TF ridge-guided VNCMD method is applied to acquire the optimal SRF and IFCF. Finally, the CFR of the two optimized IFs is computed to identify the fault type while avoiding resampling and the resulting interpolation errors. A non-resampling and tacholess procedure that is based on the above algorithms is therefore proposed for bearing fault detection under varying speeds (Fig. 1) , and the crucial steps can be summarized as follows:
1. Separate the LFC and the resonance component from the raw vibration data by low-pass filtering and fast kurtogram algorithm, respectively. Subsequently, calculate the envelope signals for the corresponding components using Hilbert transform to enhance the fault-related features.
2. Apply STFT to the envelope signals to achieve the TFRs, and then set the maximum number of decomposed modes is 5. Use the recursive ridge estimation algorithm to track the coarse IFs from the respective TFRs iteratively. When the calculated CFR matches that in the repository, the iteration process is completed. Otherwise, the ridge is extracted iteratively until the stopping criterion is satisfied.
3. Feed the time-varying IFs into the VNCMD method and decompose the envelope signals in the respective frequency band by the coarse TF ridge-guided VNCMD method to optimize the components of SRF and IFCF, respectively.
4. Calculate the CFR with the optimal SRF and IFCF and compare it with the theoretical one for bearing fault diagnosis under varying speed conditions and give the final diagnosis result.
IV. SIMULATIONS ANALYSIS A. SIMULATION CASE WITH LINEAR SRF
To examine the performance of the proposed method, a simulated signal that imitates the vibrations of a rotating machine under the deceleration condition is expressed as [19] , [22] :
In (29), the first term denotes the impulses excited by a local defect of a rolling element bearing where N denotes the data length; A i = A N f s − ηt i represents the time-varying amplitude; A and η are constants; f s denotes the sampling frequency; β is the decay parameter; f r is the resonance frequency and t i represents the occurrence time of the ith impulse which is determined according to the SRF and the characteristic order. Therefore, the time interval varies with SRF which is essentially different from the simulated impulse signal under constant speed with a constant time interval. The second term is the vibration component with the rotating shaft where B k and φ k are the amplitude and initial phase, respectively, of the kth harmonic; f 0 is the SRF. The last term n(t) is added to simulate the background noise with SNR = −5dB. All parameters used in the simulated signal are listed in Table 1 . The waveforms of the pure repetitive transients, harmonics and simulated noisy signal are demonstrated in Fig. 2 (a)-(c) , respectively. As shown in Fig. 2(a) , the amplitude of the simulated signal decreases with the change of the SRF, which indicates a speed-down case. Then the multi-band component extraction method is performed on the raw signal. The paving structure by fast kurtogram method can be observed in Fig. 3 . The center frequency of the kurtosis dominant frequency band is 2031.25 Hz, as indicated by the solid circle, which is close to the theoretical resonance frequency. Subsequently, the envelope signals of the LFC and the resonance component are extracted by low-pass filtering and fast kurtogram method respectively, as demonstrated in Fig. 4(a) and (c) . Finally, the TFRs of these two envelope signals can be achieved by STFT, as drawn in Fig. 4(b) and (d) where the ridges can be observed roughly.
For comparison, the results of traditional peak searching methods are shown in Fig. 5 (a) and (b) . Although the overall SRF picked out from the envelope signal of the LFC is in accordance with the actual one, the zoom view in Fig. 5(a) shows slight oscillations due to noise interference. Besides, as illustrated in Fig. 5(b) , the IFCF extracted from the envelope signal of the resonance component is greatly affected by noise which displays greater fluctuations than the theoretical IF. Then, a tractable ridge estimation method is applied to further improve the accuracies of the SRF and IFCF. The estimated results obtained by the tractable ridge estimation method are shown in Fig. 5(c) and (d) , respectively. We can see from Fig. 5(c) that the overview of SRF is fairly accurate despite the slight oscillations in the zoomed view. Additionally, it can be observed from Fig. 5(d) that the result of IFCF is superior to that of the traditional peak searching method even though divergence occurs at the boundary due to the noise. Subsequently, the original VNCMD method with constant initial IFs is applied to optimize the SRF and IFCF. The constant initial IFs are roughly specified as 30 Hz and 110 Hz according to the average values of the corresponding TF ridges to extract the SRF and IFCF, respectively. The results are shown in Fig. 5(e) and (f) where the smoothness and accuracy exhibit a considerable improvement compared with the previous methods. However, the estimated result exhibits a boundary effect due to the constant initial IFs. Hence, it can be derived that the convergence of the VNCMD method depends on the specified initial IFs, thus the wrong results may be tracked with constant initial IFs when the collected signals are contaminated by strong noise or contain severely overlapping modes.
At last, the proposed coarse TF ridge-guided VNCMD for bearing fault diagnosis under varying speed conditions is employed to analyze the simulated noisy signal. As demonstrated in Fig. 5(g ) and (h), the proposed method successfully catches the SRF and IFCF with good convergence. Moreover, the accuracy and smoothness are greatly improved while the boundary effect is also eliminated. Finally, the CFR of the extracted ridges by the proposed method is computed to be 3.6951 which is proximate to the theoretical value of 3.7000 given in Table 1 . Thus the analysis performance of the proposed method for the simulated signal with linear SRF demonstrates its effectiveness and superiority in bearing fault diagnosis under varying speed conditions without resampling and tachometers.
B. SIMULATION CASE WITH NONLINEAR SRF
To verify the performance of the proposed method for the vibration signal with nonlinear SRF, an artificial model is constructed whose principal parameters are listed in Table 2 . It is assumed that there are three harmonics contained in (29) and their amplitudes and initial phases are B 1 = 30, B 2 = 0.2, B 3 = 0.1, φ 1 = π/6, φ 1 = π/3, φ 1 = π/2 respectively. Considering that the rolling element bearing usually experiences VOLUME 7, 2019 the process of acceleration and deceleration in industrial applications, a nonlinear SRF is introduced into the simulated signal as given in (30) . Consequently, the waveforms of the pure repetitive transients, harmonics and simulated noisy signal with SNR = 5dB are demonstrated in Fig. 6 (a)-(c) , respectively. f 0 = (2100 + 1300 exp (−1.2t) sin (2π0.8t)) /60 (30) The multi-band component extraction method is firstly applied to process the noisy signal shown in Fig. 6 . The paving structure of the kurtogram of the noisy signal is obtained, as shown in Fig. 7 . It can be observed that the center frequency of kurtosis dominant frequency band is 3593.75 Hz, as picked by the solid circle, which is close to the theoretical resonance frequency. Then the envelope signals of the LFC and the resonance component are obtained by the Hilbert transform as drawn in Fig. 8 (a) and (c), respectively. As illustrated in Fig. 8(b) and (d) , the TFRs of the envelope signals of the LFC and the resonance component are achieved by the STFT where the obscure ridges are submerged in noise.
The conventional peak searching method is used to extract SRF and IFCF from the TFRs of Fig. 8(b) and (d). As revealed in Fig. 9(a) , the SRF obtained by the peak searching method is roughly consistent with the theoretical value in overall, but the zoom view of Fig. 9(a) shows slight fluctuations caused by noise interference. Moreover, as shown in Fig. 9(a) and (b) , the boundaries of the extracted SRF and IFCF results are greatly affected by noise and display the greater jumps. Furthermore, the tractable ridge estimation method is utilized to extract the SRF and IFCF from TFRs. As illustrated in Fig. 9(c) and (d) , the SRF and IFCF estimated by the tractable ridge estimation method deviate in the zoom view, and large deviations occur at their boundaries due to noise. Subsequently, the original VNCMD whose constant initial IFs are roughly set to 35 Hz and 95 Hz respectively is applied to extract the SRF and IFCF from the envelope data of the LFC and the resonance component. It can be seen from Fig. 9 (e) that the accuracy of SRF is improved, but the boundary effect still exists. In addition, a serious error occurs at the IFCF as shown in Fig. 9(f) .
Lastly, the proposed coarse TF ridge-guided VNCMD is employed to analyze the noisy signal with nonlinear SRF shown in Fig. 6(c) . As represented in Fig. 9 (g) and (h), due to the proposed method's superiority in adapting to the nonlinear demodulating components, it can optimize the SRF and IFCF. Meanwhile, the accuracy and smoothness of the SRF and IFCF are greatly improved, and its boundary effects are also removed unlike those under the conventional methods. As a result, the CFR between the SRF and IFCF obtained by the proposed method is calculated at 2.6967, which is proximate to the theoretical value of 2.7000 reported in Table 2 . Therefore, the proposed method is also superior to the simulated signal with nonlinear SRF.
V. EXPERIMENTAL VALIDATION
In this section, the effectiveness of the proposed method is further evaluated using the experimental bearing vibration data collected from a rotating machine under varying speed conditions [19] , [24] . The experiments are conducted on a machine fault simulator with experimental setup as shown in Fig. 10 . The shaft is driven by a motor which is controlled by an AC inverter and the fault bearing is installed at the left side. Accelerometer and tachometer are used to collect the vibration signal and shaft rotating speed, respectively. The vibration data are collected by a data acquisition instrument and recorded by LABVIEW. In the following subsections, vibration data analysis with the bearing inner and outer defects tests are carried out for validating the proposed method, respectively.
A. BEARING OUTER RACE FAULT ANALYSIS
In this subsection, the vibration data of the start-up process of the bearing outer race experiment are used to verify the proposed method. In the start-up process of this experiment, the rotational speed is increased quickly first and then tends to be steady. The structural parameters of the test bearing are given in Table 3 . According to (25) , the theoretical CFR of bearing outer race defect is 3.5000. The vibration data are sampled at a frequency of 20 kHz. The time waveform of the raw vibration signal is shown in Fig. 11 . Firstly, the multi-band component extraction method is utilized to analyze the bearing outer race faulty signal, and its kurtogram is shown in Fig. 12 . The center frequency of kurtosis dominant frequency band is 6562.5 Hz, as marked by the solid circle. Subsequently, as illustrated in Fig. 13(a) and (c) , the envelope signals of the LFC and the resonance component are obtained by the Hilbert transform. And then, the TFRs of the envelope signals of the LFC and the resonance component are illustrated in Fig. 13(b) and (d) , where the relevant ridges can be observed coarsely.
For comparison, the aforementioned conventional methods are first employed to process the extracted components. As represented in Fig. 14 (a) and (b) , the SRF obtained by the peak searchingmethod has a greater jump and the smoothness of the IFCF is greatly affected by noise and shows a deviation at the boundary. As demonstrated in Fig. 14(c) and (d) , although the SRF and IFCF estimated by the tractable ridge estimation method still have some errors, they have an improvement compared with the results of the peak searching method. In addition, the constant initial IFs of the original VNCMD are coarsely specified as 95 Hz and 350 Hz to achieve the SRF and IFCF, respectively. As illustrated in Fig. 14(e) , the result of the SRF obtained from the original VNCMD is inaccurate and shows a large deviation at the beginning and end. Meanwhile, the IFCF estimated by the original VNCMD also displays serious errors, as shown in Fig. 14(f) due to the reason that the constant initial IFs substantially differs from the true IFs.
Then, the proposed coarse TF ridge-guided VNCMD is employed to analyze the vibration signal measured from the outer race fault bearing. As represented in Fig. 14(g) and (h) , the proposed method successfully extracts SRF and IFCF with good convergence because of the variable initial IFs. Furthermore, the accuracy and smoothness of the extracted SRF and IFCF are considerably better than those from previous methods. As a result, the CFR of the SRF and IFCF estimated from the proposed method is computed as 3.5128, which is proximate to the theoretical value of 3.5000 given in Table 3 .
Furthermore, to verify the superiority of the proposed method over some adaptive signal decomposition methods, the collected bearing vibration signal are analyzed by the EMD [46] , EEMD [47] and CEEMDAN [48] methods. The parameters of the EEMD and CEEMDAN are set as noise standard deviation ε = 0.2 and ensemble size I = 500 uniformly. In consideration of the fault characteristics and related IFs information, Figs. 15-17 mainly display the waveforms of the first six modes both in the LFC and the resonance component. In the results of the EMD analysis of Fig. 15 , the mode 2 of LFC can be determined as the optimal component with the SRF-related frequency band after comparing these modes carefully, while mode 1 in the resonance component can be determined as the optimal component with the fault-related frequency band. The same analysis process can be applied to the results of EEMD and CEEMDAN for selecting the optimal modes. Subsequently, the corresponding SRF and IFCF of optimal components are estimated respectively by the Hilbert transform because the EMD-like algorithms cannot directly estimate the IFs. As represented in Figs. 18-20 , the estimated IFs of the optimal components extracted by EMD, EEMD and CEEMDAN exhibit violent oscillations and instability. They only coarsely track the tendency of the IFs and fail to get valuable information for the fault diagnosis due to that these adaptive signal decomposition techniques are sensitive to noise and the interference components. Besides, the performances of EEMD and CEEMDAN are strictly subject to the decomposition parameters, thus the optimization problem of the decomposition parameters is desired to be further addressed. Therefore, these analysis results demonstrate the effectiveness and superiority of the proposed method for the fault diagnosis of bearing outer race under varying speed conditions.
B. BEARING INNER RACE FAULT ANALYSIS
In this subsection, an experiment is conducted on the inner race faulty bearing during which the rotating machine experiences the process of acceleration and deceleration. Detailed parameters of test bearing are listed in Table 4 . According to (26) , the theoretical CFR of the bearing inner race defect is The raw vibration signal of the inner race faulty bearing is processed by the multi-band component extraction method. As illustrated in Fig. 22 , the center frequency of the kurtosis dominant frequency band is at 5812.5 Hz signed by the solid circle in the kurtogram. Then, as presented in Fig. 23(a) and (c) , the envelope signals of the LFC and the resonance component are achieved by the Hilbert transform. Furthermore, as drawn in Fig. 23(b) and (d) , the TFRs of the envelope signals of the LFC and the resonance component are obtained by the STFT.
Firstly, the conventional peak searching method is utilized to extract the SRF and IFCF from the TFRs of Fig. 23(b) and (d) . Fig. 24(a) and (b) demonstrate that the extracted SRF and IFCF display noticeable jumps, and the boundaries are broken due to noise. Then, the tractable ridge estimation method is employed to track the SRF and IFCF. Fig. 24(c) shows the SRF estimated from the tractable ridge estimation method where the deviation is evidently reduced but a large error occurs at the boundary. As shown in Fig. 24(d) , the IFCF estimated by the tractable ridge estimation method is also inconsistent with the theoretical value. Furthermore, the original VNCMD with constant initial IFs that are specified as 28 and 130 Hz is applied to extract the SRF and IFCF, respectively. As shown in Fig. 24(e) , the SRF extracted by the original VNCMD is close to the theoretical one, but deviation appears at the boundary. Additionally, a serious error occurs at the IFCF extracted by the original VNCMD in Fig. 24(f) because the constant initial IF is sometimes inconsistent to the true IF in the given time span.
Finally, the proposed coarse TF ridge-guided VNCMD is applied to improve the accuracy of SRF and IFCF. As shown in Fig. 24 (g) and (h), both the SRF and IFCF are successfully extracted by the proposed method with good convergence because the variable initial IFs are closer to the theoretical IFs. Meanwhile, the accuracy and smoothness of the SRF and IFCF are substantially improved, and the boundary effect is considerably eliminated. Finally, the CFR with the SRF and IFCF obtained by the proposed method is calculated as 5.4160, which is proximate to the theoretical value of 5.4300 as reported in Table 4 .
In addition, the collected bearing vibration data of inner fault are analyzed by the EMD, EEMD and CEEMDAN demodulation methods. Similarly, the parameters of the EEMD and CEEMDAN are set as ε = 0.2 and I = 500. The waveforms of the six modes both in the LFC and the resonance component are shown in Figs. 25-27 . After comparing the modes obtained by the EMD analysis as exhibited in Fig. 25 carefully, the mode 4 in the LFC and mode 3 in the resonance component are selected as the optimal components. Meanwhile, the results of EEMD and CEEMDAN are achieved by the same analysis process. Then, Figs. 28-30 display the corresponding SRF and IFCF estimated by the Hilbert transform, where the estimated IFs of the optimal components extracted by EMD, EEMD and CEEMDAN exhibit the serious errors similarly. They fail to provide valuable information for the fault diagnosis of inner race bearing due to the interference of noise. Thus it can be confirmed that the proposed method is also superior VOLUME 7, 2019 to the conventional ridge extraction and EMD-like signal decomposition methods in fault diagnosis of inner race faulty bearing under varying speed conditions.
VI. DISCUSSION
In summary, the results of estimated CFR by the aforementioned methods are listed in Table 5 . It can be concluded that both simulated and experimental results of the proposed method show better precision. By contrast, some gross errors occur in the analysis results of the conventional methods [26] , especially in the traditional peak searching method. Therefore, the proposed method is superior to some conventional methods and is suitable for tacholess bearing fault diagnosis under varying speed conditions.
To further verify the superiority of the proposed method, the average relative error (ARE) is introduced to validate the precision of the estimated results. It is defined as wheref (t) and f (t) represent the estimated and actual IFs, respectively; |·| denotes modulus operation. The AREs of the SRF and IFCF, obtained by the conventional methods and our proposed method, are computed for all test cases as shown in Table 6 . It can be seen that the proposed method shows the smallest AREs in both simulated and experimental results. It naturally reflects the superiority of the proposed method. Moreover, the performance of the different methods on the simulated signals with different SNRs is also tested. Due to the limited space, the results of different SNRs are only shown in Table 7 and Table 8 . It can be seen that the proposed method estimates the most accurate IFs. Besides, the noise components with different standard deviations (STD) are added into two experimental signals, respectively. It should be noted that the standard deviations are set in different values for the bearing outer race and inner race faulty vibration signal because the amplitude intensities of them are different with each other. As reported in Tables. 9 and 10, our proposed method exhibits the most accurate IFs estimation and is therefore superior to these conventional methods. This is because the TF analysis may be terrible when subjected to loud noise, thus rendering the ridge extraction process susceptible to interference, and leads to track the wrong target. However, the proposed method is free of its limitations because the VNCMD algorithm can further enhance the coarse ridges. As a result, the proposed method is robust to background noise. In the future study, we will attempt to use the vibration signal under the worse working conditions to validate the proposed method.
To provide more information about the computational cost of the proposed method, the processing times are exhibited in Table 11 . All tests are performed using MATLAB R2016b, on a computer running on Windows 10 with an Intel Core i5-6400 2.7 GHz processor and 8.0 GB RAM. The results show that our method meets the diagnostic requirements in practical applications. Asides from this, the efficiency of the VNCMD in our method can be further enhanced because the time-varying initial IFs are closer to the true IFs of the expected mode, which will hasten the convergence process. Therefore, the calculation burden of the proposed method is negligible for bearing fault diagnosis under varying speed conditions.
Although the above analysis results reveal that our method has superiority for bearing fault diagnosis under varying speed conditions, the proposed method still encounters some challenges. For example, the decomposition parameter α of the VNCMD is important in determining the bandwidth of the decomposition mode, which plays a decisive role in the accuracy of estimated IFs under varying speed conditions in practical applications. If the decomposition parameter α is not selected correctly, then some useful modes will be discarded or some unexpected modes will be introduced, thereby leading to invalid results. The choice of penalty parameter α is empirically determined to be a suitable value in the study. With regard to its selection, it requires substantial trials according to the specific situation. Therefore, the adaptive selecting strategy of penalty parameter α (e.g., iterative optimization algorithm) will also be considered for future work in applications under varying speed conditions. Moreover, we mainly analyze the experimental results of the bearing outer race fault and inner race fault due to its universality in industrial applications. With the limitations of our experimental conditions in current, the experimental analysis results of rolling element fault and cage fault are not implemented. In consideration of the fault mechanism, the local fault of rolling element also generates the transient impulses in the vibration signal, which will excite the high frequency responses of the bearing structure or its adjacent components. As a result, the fault-related information are modulated into the resonant band around the natural frequencies of these structures. Then, the detection technique of resonance frequency band is used to extract the fault information in the high frequency band. Moreover, due to that the information related to the SRF is concentrated on the low-frequency component of the vibration signal, the low pass filter is utilized to isolate the SRF and its harmonics. Similarly, when a local defect exists in the cage of the rolling element bearing, the IFCF of the cage fault (e.g., the fundamental cage frequency), will appear in the spectrogram of the corresponding envelope signals. Hence, the proposed coarse TF ridge-guided VNCMD can also be used to optimize the IFCF for more accurate fault diagnosis. Therefore, the proposed framework is applicable to the fault diagnosis of rolling element and cage under varying speed conditions. Besides, in our study, the fast kurtogram method is used as a measure to discover the presence of transient components and to adaptively indicate in which frequency band the transient components occur. It attracts our attention due to its simplicity and quickness. However, the rolling element fault and cage fault cases are certainly the most difficult to diagnose [49] , [50] , with only few giving the classic envelope spectrum symptoms of harmonics of the rolling element fault frequency and the fundamental cage frequency in some industrial application. Hence, the fast kurtogram method might fail to locate the fault-related frequency bands under these situations due to interference from abnormal impact and strong noise. Fortunately, the procedure of the propose method is a flexible framework. Some advanced methods, such as Gini index, smooth index and L0/ L1 norm [51] , can also regarded as a replacement of the fast kurtogram to locate the fault-related bands precisely. Then, the proposed coarse TF ridge-guided VNCMD is used to optimize the corresponding TF ridges in the envelope signal of fault-related components.
Finally, the qualitative analysis of bearing health condition and pattern recognition of fault type are the main focus in our paper. However, in consideration of the failure mechanism of the bearing, there will be periodic transient impacts between the fault surface and other touching surfaces in a faulty bearing. The transient impacts of a faulty rolling element bearing is caused by the de-stressing (the entry of the rolling element into the defect) and re-stressing phases (the exit of the rolling element from the defect) when the rolling element passing over the fault zone. Moreover, the waveforms of the impacts are determined by the contact relationships between the rolling element and fault edges (such as sharp edges and deformed edges) [52] , [53] . All these analyses reveal the mechanism of bearing failure and clarify the characteristics of the vibration signal of defect roller element bearing from the perspective of double shock response. Generally, the double shock response can represent the defect size of roller element bearing quantitatively, which is valuable for the quantitative fault diagnosis of roller element bearing. Thus our research can be further developed to realize the quantitative fault diagnosis of roller element bearing by refining the framework of fault diagnosis under varying speed conditions in the future research.
VII. CONCLUSION
A novel procedure based on coarse TF ridge-guided VNCMD is proposed for bearing fault diagnosis under varying speed conditions without tachometers and resampling. The principles of low-pass filtering and resonance demodulation by fast kurtogram are combined in the proposed multi-band component extraction method to reduce the interference of noise. Then a tractable ridge estimation algorithm is established to track the coarse SRF and IFCF from the TFRs of the envelope signals as the preliminarily variable initial IFs.
Consequently, the coarse TF ridge-guided VNCMD is constructed for extracting the target ridges robustly, i.e., the SRF and IFCF.
Two types of simulated signals and two bearing faulty experimental signals are tested to validate the performance of the proposed method, including the linear SRF and nonlinear SRF of bearings with outer race fault and inner race fault, respectively. As a comparison, the performances of the conventional peak searching methods, the tractable ridge detection algorithm as well as the original VNCMD with constant initial IFs are also discussed thoroughly. All analysis results clearly show that the proposed method is an effective tacholess technique for bearing fault diagnosis under varying speed conditions and outperforms conventional methods for target-ridge extraction. In the future, more challenging and systematic application researches will be investigated (e.g., the rolling element fault). He is currently a Professor with the School of Rail Transportation, Soochow University. His research interests include vehicle system dynamics and control, vibration measurement, and signal processing.
